The equilibrium constant, K , of an association can be represented by K = o)pe~AEolRT or by K = a ) p 'ẽ A between the product, at rest, and the two reactants both at rest and at infinite separation, and AE'0 is deduced from the heat ch assumption that the vibrational heat capacity of the initial state agrees with that of the final state of the reaction; the factor (o as defined by the above equations is the contribution of the rigid molecules, and can be calculated by taking into account the mass and the shape of the various participants of an equilibrium and the parameters p and p' are the contributions of the internal vibrations of the reactants and of the product molecules. In this paper the non-exponential (O factors and the energy changes, AE'0, relating to five gaseous thermal associations are computed and by substituting these quantities and the experimental equilibrium constants in the second equation mentioned above the vibrational contributions p' could be deduced. In one equilibrium it was also possible to estimate the energy change, AE0, and the vibrational contribution, p, and the relationship between the parameters p' and p is discussed. Further, an attempt is made to give a qualitative explanation for the dependence of the p' values on the chemical constitution of the participants of the various equilibria and it is pointed out that all the vibrational contributions are larger than unity, partly because the number of the vibrational modes increases on association, and partly because the reactants are stiffer than the associated molecules in which spectroscopically inactive vibrational modes of relatively low frequency can occur. 
The equilibrium constants can be represented by
where Ca, Cb, Cc are the concentrations in gmol./l., the subscripts relating here and below to the reactants and to the associated molecules respec tively; A E0, the work required to split the product at rest into the reactants both at rest and at infinite separation, can be estimated from 
where A is the translational partition function (without volume factor), r is the rotational partition function, cr is the external symmetry number, and p the ratio of the vibrational partition functions, q, is defined by
each partition function A, r or qr eferring to an energy zero which the lowest state of the relevant degree of freedom.
There is the possibility that in ethane, isobutene, tert.-butylchloride, tert. -butylbromide, acrolein and endomethylenetetrahydrobe'nzaldehyde a polyatomic part of the molecule rotates freely with respect to another polyatomic part of the molecule. It is known, however, that under the conditions of the equilibrium and heat measurements the internal rotation of ethane is far from being free; this result strongly suggests th at a situation similar to that of ethane exists in the other molecules and, therefore, it is assumed for the following discussion th at the participants of all the equilibria are so stiff that internal rotations about single bonds can be treated as torsional harmonic oscillations of low frequency. It is possible th a t further experiments will prove th at some modes can best be represented by free or restricted internal rotations; in this case the method now to be described, involving equations (4)-(7), could nevertheless be applied, provided the ' vibrational ' heat capacity and the factors and p' are defined in such a way as to include the contributions of both harmonic vibrations and internal rotations. Thus the latter contributions would have to be lumped together with the vibrational partition functions and not with the partition functions and symmetry numbers relating to the external rotations.
I t would be of interest to determine both factors p and p', as defined by (6) and (7), for all five above equilibria, but this is not possible at present. The only case for which p and p' can be deduced is the reaction between hydrogen, ethylene and ethane, which has already been the subject of various discussions.* The p values of the other four equilibria are unknown, but it is shown in this paper th at the p' factors of all the reactions can be calculated. These latter quantities can also be computed for a number of other associa tions which are not in the above list. I t is intended, however, to deal with a few typical examples only, and it is not within the scope of this paper to discuss all the known thermal associations.
The following discussion relates, inter alia, to torsional vibrations of simple open-chain compounds and of complex cyclic molecules. The first problem can admittedly be treated in a more satisfactory way by using the results of specific heat and spectroscopic measurements. In dealing with complex cyclic molecules, however, the present method can be useful, since in these cases an assignment of vibrational modes is very difficult or impossible and the application of the usual methods for the determination of specific heats is sometimes prevented, because under the conditions of the experimental measurements decomposition accompanied by consecutive reactions can take place.
R esults of heat and equilibrium measurements
Numerical values of the heat and energy changes, of the equilibrium constants and of the non-exponential W and W' factors are listed below. The measurements from which these data were deduced have been carried out by a number of workers whose names are given (in alphabetical order) in the first set of references. The constants of equilibrium I have been determined at eleven temperatures in the range 673-973° abs.; the equili brium constant in the second column of table 1 is believed to be especially reliable, since at 863° abs. more measurements than at any other tem peratures were carried out (cf. Teller and Topley 1935)-The energy changes of reaction I are independent of the equilibrium measurements and were calculated by using the most reliable calorimetrically determined heat change and the specific heats of hydrogen, ethylene and ethane. The less accurate AE0 value has been obtained by evaluating the integral in (2) by a graphical method, whereas the more accurate figure which was used for the calculation of the W factor has been computed by Guggenheim (1941). 
RELATING TO FIVE GASEOUS THERMAL ASSOCIATIONS
Chemical equilibria of thermal association 373
30-36 ± 0-05 14-1 ±0-5 15-8 ±0-5 15-7 ±2-5 16-0 ± 1-3 -logio K 3-462 ±0-020 2-255 ±0-040 2-591 ±0-050 2-72 ±0-08 3-97 ±0-04 2*77 ± 0*04
The data relating to the associations II-V were deduced either from equilibrium or from velocity measurements. In each case runs were made at least at six different temperatures within a range of 150°, the temperatures which are given in the columns 3-7 being the means of the lowest and highest temperatures. The least reliable heat changes and equilibrium constants relate to reaction IV; these were deduced from the velocity coefficients of the formation and decomposition of endomethylenetetrahydrobenzaldehyde, which, according to Kistiakowsky and Lacher (1936) , can be repre sented in the following form: formation = 1>5 x 106exp ( -1 5 ,2 0 0 /1 l./gmol.-sec.,
sec.-1.
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Harkness, Kistiakowsky and Mears (1937) and Kistiakowsky and Ransom (1939) pointed out that Lacher's kinetic measurements of the decom position reaction were possibly inaccurate, and the latter authors suggested the following expression:
The decomposition of endomethylenetetrahydrobenzaldehyde has been reinvestigated (Wassermann, unpublished experiments) and it has been found that the velocity coefficient is given by decom position = 1012±1 exp {( -34,500 ± 15,000)/i^} sec.-1,
which is in agreement with (10) and shows th at (11) is incorrect. The values in the fifth column of table 1 have, therefore, been deduced from (9) and (10), and it is believed that the inaccuracies listed above account for the experimental errors. The non-exponential factors W and W in the lines 9 and 11 of table 1 were obtained by substituting in (1) and (3) the relevant data of lines 5, 6 and 7.
Partition functions and symmetry numbers
The translational partition function (without volume factor) and the rotational partition function are given by*
where Em is the mass of the molecules and i'" are the principal moments of inertia. Numerical values of these latter quantities, of the symmetry numbers cr, and of the partition functions (at temperature T) are given in table 2.
The principal moments of inertia of the polyatomic molecules are the roots of the following secular equation:
* Cf. F ow ler a n d G uggenheim (1939) , w here th e m o re a c c u ra te a n d co m p lete expressions o f all th e p a rtitio n fu n ctio n s a re given. T h e n u c le a r sp in fa c to rs h a v e b ee n o m itte d in (14) a n d (15) because th e y cancel in (6 ) a n d (7). T h e n o ta tio n o f th e p a rtitio n fu n ctio n s in th is p a p e r is t h a t su g g ested b y F o w ler a n d G u g g en h eim ; it is d ifferen t from th e n o ta tio n o f K h a m b a ta a n d W a sse rm a n n ( 1939).
where m is the mass of the various atoms and x, y and z are their rectangular co-ordinates referred to the centre of gravity of the molecule as origin and with arbitrary directions. The molecules, their centre of gravity and the co-ordinates were represented by models of steel wire which were so large th at x,y and z could be deduced with sufficient accuracy from measurements which were carried out by using a ruler. In constructing these models the most probable values for the bond length and angles were chosen from the available data in the literature (cf. second set of references). The models of endomethylenetetrahydrobenzaldehyde and dicyclopentadiene are shown in figure 1. Geometrical isomeres of these molecules also exist, but the equilibrium measurements relate to the molecules represented above. The moments of inertia of the participants of equilibrium I are con siderably more accurate than those of the polyatomic participants of the equilibria II-V . Some of the moments of inertia and also some symmetry numbers of these latter molecules relate to particular configurations. In the case of acrolein, for instance, it is assumed that the CH2= C H and the groups are situated in the same plane, while for certain other mutual orientations of these groups the moments of inertia are up to 10 % smaller than the values in table 2 and the symmetry number is 2. The moments of inertia of the terJ.-butylhalides, of endomethylenetetrahydrobenzaldehyde and of dicyclopentadiene are least reliable; these values were calculated by using respectively the same carbon-halogen distance as in simple organic chlorine and bromine compounds, viz. 1*7 and 2-2 A and the same ring strain as in camphor.* The use of these values is admittedly only a first approximation but it is believed th at the inaccuracies will not exceed 30 %. If values for the carbon-halogen distances and for the ring strain in dicyclopentadiene are used which are 30 % larger, then the moments of inertia and the rotational partition functions in brackets are obtained; the difference between the decadic logarithms of the two sets of the relevant rotational partition functions amounts only to 0-03-0*2 units, and it will be seen that such inaccuracies are smaller than those of the W' factors in the columns 3-7 of table 1. Here na + nb and na + nb-1-5 or na mental vibrational modes of the reactants and of the associated molecules respectively, and the r 's are the relevant frequencies. I t will be seen th a t the vibrational partition functions become large if one or more of the vibrational frequencies v become sufficiently small.
D iscussion
The logarithms of the vibrational contributions and p' in table 3 were calculated by substituting the relevant data of the tables 1 and 2 in (6) and (7), the inaccuracies including both the experimental errors of the non exponential factors of the equilibrium constants and the effects discussed on p. 378. In order to establish a relationship between the vibrational contributions p and p' , defined by (6) and (7), it has to be taken into account th at the differ ence between the parameters AE0 and A E'0 is due to the fac the vibrational energy of the associated molecules will be larger than the sum of the vibrational energies of the reactants. It follows from the PlanckEinstein formula for the energy of the harmonic oscillator and from the equations (1) and (3) 
where T is the temperature at which the heat change has been determined and the other symbols, on the right-hand side, have the same significance as in (17) and (18). The figures in the second column of table 3 show th at the vibrational contribution, p ', and the numerical value respectively to about 5 and O i l ± 0-08; similar small values will probably obtain, not only in the ethane equilibrium, but also in other associations involving relatively simple reactants. If the participants of an association are more complex than the difference between logp' and log p may become larger but in such cases the vibrational contribution p will also be relatively large. The p' values listed in the columns 3-7 of table 3 indicate, there fore, that the numerical values of the vibrational partition functions of the various associated molecules will exceed those of the products of the vibrational partition functions of the relevant reactants.
The vibrational contributions relating to the reactions II and II I in volving the addition of a diatomic molecule to the same olefine are identical and those of the chemically similar Diels-Alder reactions IV and V, in which 1 : 2-1:4 addition of two diene molecules takes place, are probably of the same order of magnitude. Apart from such particular cases, however, the vibrational contributions of different association reactions are not constant and eventually very large variations can occur; this is shown by the fact th a t the p' value of the ethane equilibrium is a t least 40 smaller than the vibrational contributions of the Diels-Alder reactions.
The partition function (18) relating to the product molecules of the various reactions has been split into two factors in order to make it clear th a t the number of the fundamental vibrational modes increases on association by 5 or 6 as the case may be. I t is obvious, therefore, th a t quite generally the vibrational contributions p and p will be larger than unity, but in order to understand the numerical values in table 3 it is necessary to make special assumptions relating to the additional modes in the partition functions of the associated molecules. In ethylene and ethane one fundamental vibrational mode, consisting in a twisting of one half of the molecule relative to the other half, is inactive both in the Raman and in the infra red spectrum. If it is tentatively assumed th a t these twisting modes have the same frequencies as the lowest spectroscopically observed modes, then the vibrational contribution would amount to 2, a t 863°, which is smaller than the p value in the second column of table 3. The discrepancy can be explained and the spectroscopically observed modes can be brought into concordance with the specific heats if it is assumed th a t the frequency of the twisting mode of ethane is considerably lower than th a t of the twisting mode of ethylene and th a t the frequencies of both twisting modes are lower than the lowest spectroscopically observed fre quencies. These considerations are not new* and they are merely pointed out because it is very probable th a t in the other reactions, which are here considered, similar effects as in the ethane equilibrium, b u t giving rise to much larger vibrational contributions, are operative. In isobutene and or C^Q. relative to the rest of the molecule but the influence of these modes is possibly not predominant, since similar modes occur respectively in the £er£.-butylhalides and in endomethylenetetrahydrobenzaldehyde. There are, however, other modes viz. in the tert.-butylhalides a twisting of the third methyl group relative to the rest of the molecule and in endomethylenetetrahydrobenzaldehyde and dicyclopentadiene, represented in figure 1, a vibration of the parts above the x-axis relative to the parts below the a:-axis. The frequencies of such acrolein there will be a twisting of CH3 * They can easily be deduced from the data which are given by Guggenheim (1941) . modes, which might be spectroscopically inactive, will be low and it is qualitatively understandable, therefore, th a t the vibrational contributions in the columns 3 -7 of table 3 are so large. Further, the marked increase of the values in passing from reaction I to reactions II-V can be explained by the plausible assumption th at some of the modes of the £er£.-butylhalides and especially some vibrations of endomethylenetetrahydrobenzaldehyde and dicyclopentadiene are lower than the lowest mode of ethane.
I am indebted to Professor A. C. G. Egerton, Dr E. A. Guggenheim and Professor D. M. Newitt for stimulating criticism and to the trustees of the van't Hoff Fund for a research grant. G uggenheim 1941 T rans. F araday Soc. 37, 97 a n d a n o th e r article in P ress.
H ark n ess, K istiak o w sk y a n d H ea rs 1937 J . Chem . P h ys. 5, 682.
K istiak o w sk y a n d R an so m 1939 J . Chem. P hys. 7, 734.
T eller a n d T opley 1935 J . Chem. Soc. p. 873.
W asserm an n 1935 J . Chem. Soc. p. 828.
